This paper focuses on the control strategy of shifting time involving multigroup clutches for a hydromechanical continuously variable transmission (HMCVT). The dynamic analyses of mathematical models are presented in this paper, and the simulation models are used to study the control strategy of HMCVT. Simulations are performed in Simulation platform to investigate the shifting time of clutches under different operating conditions. On this basis, simulation analysis and test verification of two typical conditions, which play the decisive roles for the shifting quality, are carried out. The results show that there are differences in the shifting time of the two typical conditions. In the shifting process from the negative transmission of hydromechanical ranges to the positive transmission of hydromechanical ranges, the control strategy based on the shifting time is switching the clutches of shifting mechanism firstly and then disengaging a group of clutches of planetary gear mechanism and engaging another group of the clutches of planetary gear mechanism lastly. In the shifting process from the hydraulic range to the hydromechanical range, the control strategy based on the shifting time is switching the clutches of hydraulic shifting mechanism and planetary gear mechanism at first and then engaging the clutch of shifting mechanism.
Introduction
Hydromechanical continuously variable transmission (HMCVT) is a compound stepless variable speed device, which is mainly composed of the hydraulic speed regulation mechanism and the mechanical speed variation mechanism [1, 2] . Because of the stepless speed change of hydraulic transmission and the high efficiency of mechanical transmission, HMCVT has attracted more and more attention in recent years [3] [4] [5] [6] . However, the research on HMCVT focuses on the construction design and performance study for a long time [7] [8] [9] [10] . With the increasing requirements of vehicle ride comfort, the dynamic properties research on shifting strategy becomes hot recently.
However, the research on shifting strategy is mainly focused on the physical parameters. For example, literature [11, 12] discussed the influence of hydraulic oil viscosity, hydraulic system working volume, and output shaft equivalent rotational inertia on the shifting quality; literature [11, 13] studied the influence of length and radius of hydraulic pipelines and hydraulic oil bulk modulus on the shifting quality; literature [14, 15] analyzed the influence of engine rotational speed, load torque, main circuit pressure, and speed control valves flow rate on the shifting quality. The dynamic analysis and test of clutches are presented in literature [16] [17] [18] [19] [20] [21] .
The tests indicate that it has no obvious effect on the improvement of shifting quality by controlling the physical parameters only, especially to the multirange HMCVT, with multigroup clutches. The shift quality involving multigroup clutches is not only related to the design parameters of the clutch itself, but also affected by the shock of other clutches, which makes the modeling, simulation, and test more and more difficult. Tractors often work under extreme conditions, so the study on the shift shock is very important [22, 23] . This paper focuses on the typical working conditions of shifting process and analyzes the shifting optimization strategy based on the shift time, and the simulation results should be verified 2 Mathematical Problems in Engineering through tests. The results show that the shifting quality can be improved greatly by optimizing the shifting time of HMCVT involving multigroup clutches, and the typical working conditions decide the shifting quality of the whole continuous shifting process.
Dynamic Model of HMCVT

Design Scheme of HMCVT.
The design scheme of HMCVT is shown in Figure 1 . The input shaft is connected with the engine via the universal joint. The output shaft is connected with the driving wheel via driving bridge. The single planetary gear is connected with the mechanical power input shaft and the hydromechanical power output shaft via clutches of planetary gear mechanism ( 1 ∼ 4 ). The hydromechanical power output shaft is connected with the output shaft via clutches of shifting mechanism ( 5 ∼ 7 ). The clutches of hydraulic shifting mechanism ( 8 ) realize the transition from the stationary state to the hydromechanical range. Engagement sleeve manipulates the driving direction [24] . Table 1 shows the components engagement conditions of HMCVT. Figure 2 presents the relationship curves between the tractor speed and the displacement ratio, which can show the stepless speed regulation characteristics of HMCVT.
Dynamic Analysis of HMCVT.
Multirange HMCVT for tractors is a complicated transmission system, which can be simplified as shafting, planetary gear mechanism, hydraulic speed regulation mechanism, variable displacement pumpfixed displacement motor system, and wet clutches control system [25, 26] . 
Shafting.
The transmission system of the design scheme of HMCVT can be divided into hydrostatic drive system and hydromechanical transmission system according to the transmission type. The operation state of shafting includes single-shaft rotation and multishaft rotation according to the engagement conditions of wet clutches. Equivalent dynamic model of the hydrostatic drive system is shown in Figure 3 .
(1) Single-Shaft Rotation of Hydrostatic Drive System. The dynamic equation can be expressed as
(2) Multishaft Rotation of Hydrostatic Drive System. The dynamic equation can be expressed as
Equivalent dynamic model of the hydromechanical transmission system is shown in Figure 4 . 
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Mathematical Problems in Engineering Test results show that pump control motor system with the electrohydraulic proportional closed-loop circuit reduced dynamic response time of hydraulic system and eliminated the overshoot to some intent, which can automatically adjust the external load disturbance and gradually obtain stable performance [29, 30] . Figure 5 presents the pump control motor system with the electrohydraulic proportional closed-loop circuit. Hydraulic speed regulation mechanism is composed by four parts: variable displacement pump-fixed displacement motor system, control system of pump, valve assembly, and slippage and washing system [31, 32] . The simplified dynamic model of hydraulic speed regulation mechanism is shown in Figure 6 .
The dynamic equation of hydraulic speed regulation mechanism can be expressed as
Dynamic Model of Switching Process Involving Two
Clutches. The disengagement and engagement of wet clutches are controlled by the oil pressure. The external hub and gears are connected by bolts, while the internal hub and shaft are connected by the double flat key. The sliding bearing and the needle bearing share the cooling and lubricating system, which adopts the pressure lubrication, while other gears in the transmission system adopt the splash lubrication. The hydraulic system of clutches is presented in Figure 7 . The switching process involving two clutches experiences 4 stages: before switching stage, torque phase, inertial phase, and after switching stage [33] . The dynamic model of shifting process is shown in Figure 8 .
(1) Before switching ( 1 : engagement, 2 : disengagement) stage is as follows:
(2) Torque phase ( 1 : oil drainage (engagement), 2 : oil filling (slipping)) is as follows: 
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(3) Inertial phase ( 1 : slipping, 2 : slipping) is as follows:
(4) After switching ( 1 : disengagement, 2 : engagement) stage is as follows:
Dynamic Model of Pressure Control Module.
Pressure control module of clutch system can be simplified as shifting mechanism (C 8 )
Figure 7: The hydraulic system of clutches.
Figure 8: Dynamic model of switching process involving two clutches.
Evaluation Indices of Shifting Quality.
Output shaft speed drop amplitude, output shaft dynamic load coefficient, maximum impact, and shifting time are selected as the evaluation index of shifting quality.
(1) Output Shaft Speed Drop Amplitude. Output shaft speed drop amplitude embodies the rotational speed fluctuation during shifting, which can be expressed as 
(4) Shifting Time. As the slipping friction work of wet clutch is difficult to measure, this paper holds that the shifting is preset3 plungerCylinder2 mass2 spring2 preset4 preset5 plungerCylinder3 mass3 spring3 preset6 preset7 plungerCylinder4 mass4 spring4 preset8
preset11 plungerCylinder6 mass6 spring6 preset12 preset13 plungerCylinder7 mass7 spring7 preset14 preset15 plungerCylinder8 mass8 spring8 preset16 finished when the output shaft rotational speed reaches 99% of the stable rotational speed.
Simulation Analysis for Shifting Process
Simulation Model of HMCVT.
According to the design scheme of HMCVT in Figure 1 , the simulation model of HMCVT based on Simulation is shown in Figure 9 . The model of HMCVT includes 5 modules: power module, load module, hydraulic speed regulation module, mechanical transmission module, and hydraulic control module of clutch system [34] . Among them, the hydraulic control module of clutch system is the core module for the study of shifting control strategy, which is shown in Figure 10 .
Continuous Shifting Process of HMCVT.
According to the simulation model above, control of the conditions of clutches and displacement ratio of hydraulic speed regulation mechanism at every 10 s, the simulation condition can be expressed as follows: engine rotational speed is 1500 r/min; load torque 8
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Hydromechanical power output shaft Output shaft Hydromechanical power output shaft Output shaft is 150 Nm; main circuit pressure is 50 bar; speed valve flow rate is 5 L/min. The simulation curves of continuous shifting process are shown in Figure 11 . Rotational speed curves embody the speed change of shafts, and angular acceleration curves embody the torque fluctuation of shafts, both of which can reflect the shifting quality well. We can include that the shifting process from F(H) to F 1 (P) and the process from F (N) to F +1 (P) ( = 1, 2), which play decisive roles of improving the shifting quality during the continuous shifting process, are the typical working conditions. Impact is caused by the switching time difference during shifting. Load torque leads to a rapid decrease of output shaft rotational speed, and output shaft rotational speed will reach the minimum valve, when its transmission torque realizes the balance between clutch and load. So it is a new thought to control the switching time of clutches to improve the shifting quality. This paper takes the shifting process from F 2 (N) to F 3 (P) and the process from F(H) to F 1 (P), for example, to study the control strategy based on the shifting time. (F 2 (N) → F 3 (P) ). There are 6 clutches that involve the shifting process from F 2 (N) to F 3 (P), so the clutches should be divided into 3 groups, which are shown in Table 2 .
Simulation Analysis of Shifting Strategy
The simulation condition can be expressed as follows: engine rotational speed is 1200 r/min; load torque is 100 Nm; main circuit pressure is 40 bar; speed valve flow rate is 4 L/min.
Switching Strategy of Clutches among 3 Groups.
The longer the switching time is, the larger the shafts speed fluctuation amplitude is; the shorter the switching time is, the tighter the clutches engagement conditions are. In view of this, the switching time of clutches in the same group should not show distinctive difference, while the shifting time difference exists in the different groups of clutches.
Range analysis tables of orthogonal test are shown in Tables 3-6 . Output shaft speed drop amplitude, output shaft dynamic load coefficient, hydromechanical power output shaft maximum impact, and output shaft maximum impact are expected to be used as evaluation indices I, II, III, and IV. Factors A, B, and C, respectively, represent the first, the second, and the third group of clutches, and Factor D is the blank column. Levels 1, 2, and 3, respectively, represent the different switching time of clutches (9.50, 10.00, and 10.50 s).
Evaluation indices III and IV embody the degree of shock, and hydromechanical power output shaft maximum impact is mainly determined by the clutches of planetary gear mechanism, while output shaft maximum impact is mainly determined by the clutches of shifting mechanism. Impact is proportional to the second-order derivative of output shaft rotational speed, dynamic load coefficient is proportional to the first-order derivative of output shaft rotational speed, and speed drop amplitude is proportional to the zero-order derivative of output shaft rotational speed, so the evaluation index ranking should be considered as: III = IV > II > I. Besides, each evaluation index should be in the reasonable range. C 1 B 3 ). The minus implies the speed rise during shifting, which means the output shaft speed drop amplitude can reach 0 to obtain the optimal scheme.
(2) Output Shaft Dynamic Load Coefficient. The simulation parameters of output shaft dynamic load coefficient are listed in Table 4 . The clutches in group 2 and group 3 have much more effect on evaluation index II than that in group 1, so the scheme B 3 C 2 (C 2 B 3 )A 3 can be replaced by the scheme (C 2 B 3 ) ).
(3) Hydromechanical Power Output Shaft Maximum Impact.
The simulation parameters of hydromechanical power output shaft maximum impact are listed in Table 5 . The clutches in group 1 and group 2 have much more effect on evaluation index III than that in group 3, so the scheme B 3 A 3 C 3 can be replaced by the scheme B 3 A 3 . The interval of index III is changed from [9.19, 54 .08] (all schemes) to [9.19, 25 .50] (scheme B 3 A 3 ).
(4) Output Shaft Maximum Impact. The simulation parameters of output shaft maximum impact are listed in Table 6 . The clutches in group 1 and group 3 have much more effect According to the analyses above, the clutches in group 3 should be switched earlier than that in group 1 and group 2. That is to say, we should switch the clutches of shifting mechanism at first and then control the clutches of planetary gear mechanism. Group 3 . Single factor loading test should be used to analyze switching strategy of clutches in group 3. The switching time of clutches is shown in Table 7 .
Switching Strategy of Clutches in
Shifting quality simulation results of clutches in group 3 are shown in Figure 12 .
The output shaft lowest speed, respectively, reaches 1066.27 r/min, 1021.80 r/min, and 1059.50 r/min in 10.94 s, 11.05 s, and 10.85 s, so the output shaft speed drop amplitude is, respectively, 7.15%, 6.39%, and 7.74%, showing that switching time has little effect on evaluation index I.
The output shaft maximum torque, respectively, reaches 187.90 Nm, 189.59 Nm, and 203.11 Nm in 11.21 s, 11.35 s, and 11.09 s, so the output shaft dynamic load coefficient is, respectively, 1.88, 1.89, and 2.03, showing that there is little difference on evaluation index II when the switching time of 6 is not later than that of 7 .
The hydromechanical power output shaft maximum impact, respectively, reaches 27.40, 19.76, and 20.32 in 11.13 s, 11.13 s, and 11.09 s, showing that evaluation index III has excellent performance when the switching time of 6 is not earlier than that of 7 . The output shaft maximum impact, respectively, reaches 8.24, 8.48, and 13.03 in 11.23 s, 11.36 s, and 10.99 s, showing that evaluation index IV has excellent performance when the switching time of 6 is not later than that of 7 .
According to the analyses above, the control strategy of clutches in group 3 is that clutches 6 and 7 are switched at the same time.
Switching Strategy of Clutches in Group 1 and Group 2.
Range analysis should be used to analyze the switching strategy of clutches in group 1 and group 2. The switching data of clutches are shown in Table 8 .
According to the L 9 (3 4 ) orthogonal tables related to the evaluation indices of shifting quality, the range analysis conclusions for the clutches of planetary gear mechanism based on the shifting time are shown in Table 9 .
According to the simulation conclusions in Table 9 , the scheme A 3 B 3 C 3 D 2(3) can be replaced by the scheme A 3 B 3 C 3 for evaluation index I, the interval of which is changed from [3.58%, 11 .02%] (all schemes) to [3.58%, 4.14%] (scheme C 1 B 2 ) . In order to obtain good shifting strategy based on the shifting time from F 2 (N) to F 3 (P), the switching sequence of clutches is as follows: group 3 → group 1 → group 2.
Simulation Analysis of Shifting Strategy (F(H) → F 1 (P)).
Range analysis also should be used to analyze the control strategy of clutches in the shifting process from F(H) to F 1 (P). Factors A, B, C, and D, respectively, represent clutches 2 , 4 , 5 , and 8 . Levels 1, 2, and 3, respectively, represent the different switching time of clutches (9.50, 10.00, and 10.50 s).
The range analysis conclusions for clutches from F(H) to F 1 (P) are shown in Table 10 .
According to the simulation conclusions in Table 10 , the scheme A 1 C 3 B 1 D 2 can be replaced by the scheme A 1 C 3 for evaluation index I, the interval of which is changed from [8 In order to obtain good shifting strategy based on the shifting time from F(H) to F 1 (P), the switching sequence of clutches is 2 , 8 → 4 → 5 .
Test Verification of Shifting Strategy
HMCVT Test Bench. HMCVT test bench includes two parts:
(1) mechanical transmission system, (2) computer measurement and control system.
Mechanical transmission system, which is shown in Figure 13 , mainly includes valve assembly, engine, torquespeed transducer, HMCVT, and dynamometer [26, [35] [36] [37] .
Computer measurement and control system is composed of upper machine (PC) and two lower machines (MCU). The upper machine exchanges data with data acquisition cards and serial ports, and the lower machines perform data acquisition. The CAN interface cards realize the communication between the upper machine and the lower machines, and the Labview is used as the software development platform. The computer measurement and control system is shown in Figure 14 . F 3 (P) ). The test verification of control strategy based on shifting time from F 2 (N) to F 3 (P) was divided into 3 groups, which are shown in Table 11 .
Test Verification of Shifting Strategy (F 2 (N) →
According to Table 11 , the test curves are shown in Figure 15 .
According to the test curves in Figure 13 , the output shaft lowest rotational speed is, respectively, 677 r/min, 836 r/min, and 1091 r/min in tests 1, 2, and 3, and the corresponding output shaft speed drop amplitude is, respectively, 41.03%, 27.18%, and 4.97%; the output shaft maximum torque is, respectively, 286 Nm, 275 Nm, and 237 Nm, and the corresponding output shaft dynamic load coefficient is, respectively, 2.86, 2.75, and 2.37; the hydromechanical power output shaft maximum impact, respectively, reaches 26.81, 26.90, and 20.13 in 12.52 s, 10.81 s, and 11.22 s; the output shaft maximum 
Test Verification of Shifting Strategy (F(H) → F 1 (P)).
The test verification of control strategy based on shifting time from F(H) to F 1 (P) was divided into 3 groups, which are shown in Table 12 .
According to Table 12 , the test curves are shown in Figure 16 .
According to the test curves in Figure 14 , the output shaft lowest rotational speed is, respectively, 144 r/min, 162 r/min, and 259 r/min in tests 1, 2, and 3, and the corresponding output shaft speed drop amplitude is, respectively, 50.85%, 44.71%, and 11.60%; the output shaft maximum torque is, respectively, 359 Nm, 333 Nm, and 235 Nm, and the corresponding output shaft dynamic load coefficient is, respectively, 3 
Conclusions
(1) Shifting quality can be improved greatly by optimizing the shifting time of HMCVT involving multigroup clutches.
(2) The shifting process from F(H) to F 1 (P) and the shifting process from F (N) to F +1 (P), which play decisive roles of improving the shifting quality during the continuous shifting process, are the typical working conditions.
(3) According to the simulation analysis and test research on the typical working conditions, the control strategy of shifting process from the positive transmission of hydromechanical ranges to the negative transmission of hydromechanical ranges is switching the clutches of shifting mechanism firstly and then disengaging a group of clutches of planetary gear mechanism and engaging another group of clutches of planetary gear mechanism lastly; the control strategy of shifting process from the hydraulic range to the hydromechanical range is switching the clutches of hydraulic shifting mechanism and planetary gear mechanism at first and then engaging the clutch of shifting mechanism. 
